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A iJSt ):Ic(

\4~( sil)]lll;ll(’  lil(lio s(il}iill;  iiiolls ill l’iol ((1 \~(lIll S l:i(lio (J((llltdti(Jll (I:itll :lS-

s(lll]ill{~,  tllil{ (11( ill(l(x  of ](lla(ti(,]l IIll(llliltic))ls ill \~(JI Ills’:. tIllll(K])ll(’1(’  l(w])()]lsil)l(’  f(ll

t 11(’ s(illtillilli(~lls  ;I1( (lit ((lly (illl<(’{1 1)3’ {’,l:~\riiJ  \\ ’iI\’(’ [111(’{  11; ;( ions. ‘1’11(’ f’,1 il\’it~ \l’/l\’(’S

ill(’ (’ l( ’ i I t  ( ’( l  1)’j ;1 [’,101):11 ( (Jll\’(xiioll lil~(’1  1)( ’IV,’’( ’II :)() iill(l  ~ ‘IJli III allitll(l(.  iII \7(’]IIIS’S

;IIIII(M+])II (’1(. ;III(I ])lo]):I~,:If(. \’(Jl lil”;llly. tl)(’ ((JltjJ/If(’ i  11{> :.i]illtl:il(’(1 S(illiillilliol)s  \vitll

(lillil  illl(l  ill  f))ll(” lllilt {Ilis tll(’ol~ f(l)  tll( lil(lio S’illtilli)liolls is ])1(’1(’I;IIII(’10 111(’ tll(’ol~

tllilt 111(’ S(”illt illilti(Jll  Sill(’ (“illlS(’(1  I)Jr (“1(’;11  ilil [(1111111 (’11((’ ill \~(Lllll S’S  ;IIIII(IS] JII(’1 (’.

‘I’ll(’S(>  ~},lil\JilJ’ \t’; l\ ’( ’S (’:111 (X])lilill fll(’Sj)((”tl; ll Sll;l]l[’ illl(l iilll])liill(l(’  oi” 111(’ la(lio

s(illlillil{iolls. ‘1’11(’ Sll:l] )($ at IIi[l,ll fl((~ll(ll(i(s  i s  ((11111011 ((1 I)j’ \Vil\’(’1ll (’/ll(illf’,, wl]icll

yi(,l(ls ii Siltlll”ilt(’(1  S])(’(”{Iillll. ‘1’)1(, illilj)]itllfl(’  i s  Sill Jj((”l  to ]);11;1111(’1(’1’S  Sll(”ll  :1S 111(:

illl(’llsitjr  of 111(’ (oil\ ’((tio]l, ” 111(” illlj’,1(’

illl(l  tll(’ 7011ill  Ivill(l ])lofil(~ ilt ])olill  l i l t

S(’illti llillio))sl 111(’ \’(*lo(ily \’illiillioll  S

ll(’t\lr(’(’ll tll(’ i’olliil Iill(ls illl(l  111(’ 1~(’illll  ])illll,

( \l(l(’s. ‘1’() lllj~(,(]l (]1( (,l,S(I\J((] illll])lilll(l(  ofi,ll(!

)1 111(’ (’11( ’1~, ~-l}(’ill ill{’, ((~(li(s  ill III( (Oi l\’(xt io l l”

.1lIIIIS[ 1)(” ilt 1( ’;IS1 ;)lll S ‘1’llis V<I]lI( i:, (ollsil(llt  \yilll  t]I( \/(llllS I)illlooll”  1( ’S(11(S (If

Sil{},(l(,(!\f (’/ (//. (1{)S(;), ikll(l i s  ill tll(: IIli(l(llc of 111(> liill}:t (ollsi(l(’1(,  (1 1)~ 1,(’lo~ illl(l

111{ ’,( ’1s011 (1!){ )1)  ill tll(il stll(l~ of (oll\((li\’(l\” /,( ’11( ’lilt (’(1 f’,];l\’ity \$’il\r(’S. ‘1111(’ l:lil(’1

stII(ly, (“O II II Iil I(:(l lvitll tlI(’ IOIV(’I  1)01111(1 011  v(’lt)(itj, fIot  II 111( ])l(W}JIl  stll(l}’, III(’ yi(~l(ls

101$’(’1 l)()llll(ls  ())) tll(\'(lli( ;llflll  x(s()lll  )()111(11 lllll); 111(1{11 (l~',\illt  11(1)(1 llls:ll)l)()s])  ll(l(:.
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1. 11]1.].()(ll]ctic)]l

111 ii ])l(’\’; oll$ tll(’(ll(’ti( ’ill ]Iilj)(’1 \v(’ illlt+ti~,dl(xl V(II(llI(]  ~,t;li’ity 1$’al’(.s {1,(11.

(’I’ill (’(l IIy {l)lol) ill S(”dl(’ co[ll’(xtioll” ill \T(IIIIS’S lIIi(l(ll(  all 11():1)1 I(l(’ (0111(1 s(l])])olt  tll(’

Iv(:s  Iw:II(l sll])(’llottl{ioll”  (l JCIOy aII(l llI{I,(Is  OII I!)!M, IJll 11(1({1[1  (l). \4~(: folll  I(l tlIat tlI(’

11’il\’(’S(”illl~ (>11011$,11 lllolll (’lltllll lto Slll)])(llt” tll(’ :;ll])(l]oltltioll” I)llt tllilt  tll(’  (Iistlil)lllioll

.  \’i’(> illS() jollll(~  Illilt  [II(’ \Vil\’(’S tlilll S])oltof” ;I(((’l(:l:tiio]ts ill illiilll(l(’ is  llll:; iliil$fil(”l[)l}’.

lill~$’ ;llllollll tSof(’;lSt\$ ’ill(l” IIlolll (”lllllll llo[’,1”(’ii{” II(iflllfs, \\”ll(’l (’i}l(’ \Vil\’(’l$  llli{’,lll do]lli

IItll(> {11(’ Ill(’iIll ]Iloiioll” ilS ~,1’il\’il~  \i’il\7(’,-;  :11(’ lll(}ll[~,llt  {()(l()ili  tll(’1’;illtll’s 111( ’sos])11(!1’(.

11( ’1( )V(” illl])l(]ll(lll  lll(’[),lil\’ii~ \\’il\’(’S  ll(’(’1111111 ( I f  1,11 ill sil[llllil{  i(jlls(~l  lil(lios(”illtil

lilliollS  illl(l  (“olll]lill”(”  0111 1(  ’S111(S )Yiill  lil(lio s(~lllilldfioll  (Iiitil of l)ioll(vl  \~(’llll  S. ‘1’11(:

/:();11 is (() (“11( ’(’1< 111(’ fll(’ol~ 1)~ l’(’lilyillf, tllill  ( ( i l l \ ’ ( ( i i \ ’ ( ly {),( ’ll(’lilt (’(l {’,lil\’il~ lf’il\’(’S iil”(’

])l(>S(.lll  ill \](tlllS’S  llli(l(l  ll>illl  llo~.])ll(’l(.

l{il(lio  S(illfilliitiolls ()(’(’111  V;ll(’11 111(> II ‘illll ]);I{ II OJ {11(’ l)ioll((l \)(’llllS lil(lio

Si/),ll ill ])il  SS(’S tlll(lll~,ll 111(’ \[(’llll  Sil{lll o!. Jlll(’l(’(lll ils(ollls(” 10 l<~illlll  (l<li(~l(’il Il(l l’ilt  (’l

1{)80). l)lllill~,  tlI(’ ()( ’(”llltilti()ll, tll(! l)ioll((:t \~{”llll  S SJ~il(”(’(lilfi  ii])] )(!ill S, to il t(’ll”(:Sll”iill

01)s(’1 \’(’l , tol J( ]llo\’ill[l,\’(]ti(;llly  ill tlI( \~(lIlls ilfllloSl)ll(  51(’. ‘J’1l(’:ll ll]jlitll(l(’i lll(l  ])llilS(’

(i]) tll( f(,llll {~f ll((JII{>lICJ’  slli[ts)  {)f 111( ,i,(lio S/,,lill iil( ol)liii]i((l iiS i, f(,,l(lio]i of till,(

(]ll)j)){,,  {]1(, {J((’llltilfioll. 11( ’{”;lll  S(’tll(’ (I(llsity (J( 11!(’ iltlllos]lll( ’1(” is tll(> ])lilllilljr SO1ll( ’(”

of I(’fIil( ”li\’(>i Il(l(’X \’it IiittioltS, 111( ’(lillil (“ill) 1)(’ (li](:(tly;])\(ll((l  tofl,i\’(” \7(’lli(”ill  ])lofil(s

of t(’1ll] )( ’I’iltlll” (’, l)llt olll~  ilt \’(’l(iCill l(sol(lti(j[ls  [},l(’ili (’l tllilll tll(: 11’i(ltl)  {) ftl)(’ lil(lio

1)( ’illll ill III(’ \/( ’llll S iltlIloS])ll(’1(”  (1’’j(’l(lllo  (1 ,{/. lfJ71). \’~lliilt  i(,llS(Jll  S(”ill(’S  Slllilll(’1

Illilll  tll(: 1~(’illll  wi(ll]l ( ’ i I l l  1(’d(l {() illll])litll(l( illl(l J)llilS(} \rilliiltioll S tllilt (“i l l  lllot, 1)(:

(lil((tly illl’(:ll(xl 1)1)1 (:;111 1)(’ Slik{isli(iilly  ]110(1(’1(:(1  (rl’illillsl(ii I! J[i J). ‘1’11(’s(’ \’tiliiltiollS

ill illll])litll(l(’  illl(l  ])llil  S(’ ill”(’  ]il(lio S(.ill( ill? lliol!s,

l’)oltii)t(ltl lil(lioS (”illlill  ;lliollSlllilt” ()(( 111 II(>ill  4!)):11)  illtilll(l(”  :111(1 601:11)  illli-

{(1(1(’ ill \T(’llll  S’S il[llloS])ll(’I(!  llili)(’ }J((’11  tiltiil~y((l })~ \4’(J() ;III(I AI II) SIIOII/1, (l$J80il,  \17A
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lI(](af’1(:1).  l’;ss(]l  titllly,ll  l(j’slll ]ti:i(i(:(l  llI(lJ:i(l(/,I(JLIII(l  si{(II;Il, cr(~alc(l  l)y ](, fra(tio]l,

:111(1 W(’1(’ l(:fl,  \villl (Jl]ly tlI(: s(. illt, ill:iti(]lls. ‘J’]] (II MIA lIIOIIIi(I  alialy~((l 111( s(ililill:(-

iiolls al](l  (dl(lllat  ((l s]j((-lla  oi lllc valiall(cs of tli(. ])11:1+( ,9 of t]ic sip,l  la] :111(]  t]IC

l()[',:llitlilIl  ~()ftll  ((l((l]i(fi(:l  {l:\]  l)])litl  l(l(>,l)()lll  illfl(qll(ll(y  (1/). ‘1111(> IC){’,-ttlll])litll(l(

(~) vi,, iallc(!  S])cctla i]l(licat(: a ])OW(:I lalv wi{li  aII ill(lex ;IIIy\YII(Ie  l)ct\Y(x’]1  iil)otlt

-  2.:{ to -  ~{.7. ll’III(lI  (III I{ JI(:, \4~A cstilll:lfc(l  tlI,  iI tlI( t(.]IIIJ(]<It.~]](. \;tliallc(,  ;it fioli]]l

1(’(jtlir((l 10 {1,(11(’I;I1(: 11](  s(illlilliltiolls  i s  lollp,llly 1  K’”. l’ill:llly, tll(:y (slilllalc(l  tlIat

tlI( (I(llsiiy  illllo]ilop,(>]l(:iti(s”  \~’(1(1  (lOII$liIh(l  l)y a facto] (II ;I1)OII1  ?0 ill tlI(I IIoliz{)l]tal

(Iil(>(lioll  (OIII]);I1(YI 10 11](’ \’(’lli(  al.

\41A SIIl)S((lII(IItl}~  IIS{(I ;I tlI(Ol\~ fo] ]: I(lio s(i]lti llii{,i(,lls  ill ()](1(:]  to sII()\\F ]I()\\F

S11]:111 S(’;11(, {,(111)111(.111 ])ll(>llolll(}llil  IIli[,,llt }J(~l(:s]j(lllsil)l[:  j{)] tllc (1;1121 t,ll(~J’ .?lllill~7,(}(l.  ‘J’IIC

s(:ililill  iltiolltll(:olj~”  \VA illl])lcl  ll(:llt(:(l\  \~tis(l(\~(:l(,  ])(:(l lJ~’s(\r(:I:tl ailtllo]s (rj’at  alski 1961;

lsllilllal(l 19’/:{; \~T(x) aTI(l lslli]llalll  1973;  llatl~,sla(l 19’/{))  {IT, (I (all I)(lIs(’(1 to/,(II(IIat,(.

1110(1 (’1  I’il(lio s(.illtill:lt,ioll iijll(,  s(li  (’s ill lo[:-;iltl])litll(l(,  01 ]III~Is(.,  :j,i\J(:ll d ]):ltt(.111  o f

ill(l(x of 1(’flil(tioll flll(tll:ltio}ls. ‘1’11( ill(l(x  (f I(fla(:tio)l  Iill(tlliltiolls  iil( (lir(:(t]y

])loj)oll,iollal  1,() (l(llsity  flll(l,ll;lliolls  ill III(  atlII(w])]I(>l(  1111(,11{,)]] a colIstal It w]li(]l  i s

(l(,t(~llllill(xl  l)y tllc cl)(~llli(al  (()]ll])()sit,i()]]  of ill(, :Itlll(wl)ll(’1(  (1’;ss(’11  alI(l 1“1()()111(:  ][)~)],

Kliol( C( (//. 1980). \41A aSSIIIII(Xl  a  IaII(lOIII  ])iltt{]]l of (I(]lsity  fll](tll:ltio]ls  ~vitll a

valia]l(r s])((trllll]  I)]()])()]ti()]l;ll  to a ])()\v(,I  I:IIY of -11/:j  ill 111( sl)atial  \v;I\~(,  II Ill II IJ(:Is.

SIICII  a ])OIV(II.  law ill tll(> (I(>llsity  l’aliall(c s])(xllIllII  is (.ollsist(,llt  }1’itll a l<ol]II()/,()ro\”

s]j(xtrllltl  of” tlll(’(’  (lilll(’ll Sioll ill (Iissi])ativ(’ tl)ll)l  ll(’1l[” .(’. 11] d(l(litioll tlIcyassIIIII(L(l  tlIal

111( fll]clllatio]ls  w(:l(: :I]lisotro])i( lli~,lily  fIatt(II  (xl ill tll( )loli7,011tdl”  (Iil(ctioll,  ‘J’llis

i s  1101 111(’  ({)ll\J(’llti(jll;ll  f’ollII of fu]l~’  (1(, \’(*lo]) (’(l (lissi])aii\’(  t,lIIl)IIl(,lIc(~, l)llt a IIlo(lifi(:(l

fol”lll  I) C(”;IIIS(’  tll(’ ]Ilotio]ls  i]lvolvc(l  alc (:1111  )((1(1(’(1 ill il Sta},]y stlali[i(,(l  al, II Ios])]IcIc,

wl]i(ll st]()]l~,ly  r(’sists l’(~lti(al  ]I]otio]l  (llollp,l]loI]”  1986). ll]l(l(r tl](s(: asslllll])tiolls,

\41A IIS(:(I ~j’(ill{ s(i)lt,illittioll  tlI(:()]}J tosi}l)~ll;  it(,:(i j)till;ltioll”  ])()\\(]sl)((t]ii,  111 t,l]((,))(l



tll(!y

Illili

wi(ltll  (ill)ollt  63111).

‘J’llis  il~,l((l]l(!lll  (10(SS IIOt ]) Iov(: tlliit (Ii:si])ativ(! 1111} 1111( ’IIc(:  is ws]m]]si])lc  fw

111(:  S(:illtilli  iti[)lls, lIOU’CV(:l”. lJil  Sl Of; ill, ill tlll(! )’;ilI’till’S ilt]llos])lt(’1(:  till’l)Ul[’llC(!iS COll-

fill(!(l t()ill(li\'i(lllill] liit(:ll(sS[) lll~:ifC }\'t('llS{)f lll(:l(!l"Stlli  ("ii (Siitoil l)(l\l)()()(lll) iill 1082,

lidl”ilt 1{)82), \\rll(’l”(!ilS 111(: sc:ililill:iliolls a])])  [:ill 10 (:()\’(’l’ ?1 101:111 lilllf,(! of illtiill[l  CS.

S(’COII(IIJJ, tIll”lltll(:ll( ’{ ’t(’Il(lSto (’1”(’;ll(!]  )ill[ll(!Sll  lilt iil(is(’lltlo])i(”, iill(l S11(”11 ])ilt(:ll(!S  ({()

IIot  illlo}~”  (l(v]siiy (.”olll.lilSIS (S(”lllll)(’1’t  19813, ]). 7[)T)). ‘1’llil(lly, s(illlilltltiollsill o(cu-

taliol] (I;llil fl”olll ‘l’iiilll)S iltlIlo  S]lllCIC llil\’(’ I)c(lI  slIo\v II to IK: ((jIIsistc  IIi w i t h  ~,lavity

\\’:l\r(!s  tllrougllout! ‘1’itilll’S  iltlllo:i])ll(:l’(”  ill.) ()\’(! I?51; III (lli]ls(~]l  i\ll(l’J’~l(:]l  {)83).  hf(jst

illl])ol”til  lltl)~,  llo W(’\’(:l’) tll(: illll[)llllt of (’ll[’l~,y r(xl~lil((l  to sllstai[l SN(’11 tlll”l)lll(’1l  (’c is

too” lill’~C to l)(:l”Ciil  iStiC. l{yllsillp,])ot(])tial  t(ll)]){:Iat(lI( :s\\lt(  'I(:l<iI tctict(!]]]  ])(:]:]tLl]('s

WCM: ](:qlli](cl,  \VA Ill)(l(:](:sti]l)tltc:cl  {II(o (II(>Ig} (Iissil)il{io]]  ]i)t(’  II Ix(l(s(l to (x})lai]l  tli(:

ol)s(’l~~atio]ls,” if t{lll)lll(’IIc  C lv(:l(’ Ciill Sing !11(’ Scilllillilliolls. ‘lllIC (():r(x.tc(l  (still)at,c

(“i(StS  (Iolll)l  011 ill{: flll”l)lll(>ll  (:(: IIy])olllcsis. W(])llls(l(:fllis  to])ic lilt(!l’  ill this ]Ja])(’1.

\~7{:  llS(! iltc saII)(:  ]Illll)c]i(:al  t(:c])lli(juc ils \VA f’()]  Sill lll]iltillg, ]it(lio sc.iIl[i]lafic)lls,

1)111 W(’ ilSSllll )(! tlllal  tlI(:  (Icllsity illllc)ll)og,(:])(:ili[s  ale tl](:  flll(tuatio]ls  of i]lt(:r]lal F,lavitj’

\\’;l\~(:s~,(:]l(:l:It(:(l  I)y collv(:ctio]l”  ill \7Cl IllS’S ll)i(l[llC:  iL{llloS])ll (’1(’. llrc!cl)oc)s(:{ his as tlic

ll)OStJ ])1’[)1.):11)1(: SOlll”C(:fol tlll(: (lc~lsity  Vill’iiitiO1l S I)[!CXIIIS(’ tll( coil\’cctioll is lt(’arly glol)al

ill S(2(1(: illl(l i s  Sit)llillC(l ill il ~) 1(111 thick  l:l~Cl”  l)[’tl\’(’(:11 {11[’ Still)]{’ ld~{’l”S  ilt  4!) iilld 601{111

illt,it,ll(l(:.  ‘I’ll(: solll(cis l(:(]llil(:(ltc)  l)(  /,lC)l)ill  ill SCiil(:  t)(’(iill  S(:tl)(!S(”  illlillilliollSill  {11<!

l’io]ic(:l V(:lllls  ]il(lio sci(:llcc w(nc fotllld to IK! gk)l)al. f;(’i]] till ittio]ls M’(’1”(:  i31S0 S(!(:11

]l(~i]l  (iOl{l II 1)~ hl{(]i]l(:]  5 (\170()  (./ (/1. ]!174),  h4iilillcl  10 (\V()()  1975), ;III(I \~(:lI(~liI 9

(’I’il Ilof[:C\7ii  (./ {//. 1!)78). 137(:  [1100S(:  $,l’il\’itl~  \t’ii\r(:S 1)( ’( ’illlS(’ tll(!y (“.illl  ])l”()])~~,iit[’  01’(:1’

Iill”/,(! V(:l’tli(:ill (liSlilllC(:S  illl(l tll(:~ (iIll llil\’(:  :tlUCtlll”(s  01) Slll;lll  v(:lti  (al S(’.ill(!S.  Mrit]l
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Speed ,  wa\~(!s  W{:] ’(! foull(l to 1)(! (Xn)vcctivcly Ullstal  )Ic. AC(:OI  di]]p;ly, wc dmrasd tlIC

alll])litludc  of tfl IC wavm w’itlli]l  c!ad I unit logalitfl]]nic  l)aII<l  o f  vdiml  \vavcIIul Ill)cr

(((17  n/nI) w 1) to ilIc ]millt,  WIICIC  tllc  wavm  aIC lnalp,i]lally  stal)lc. ‘1’l]is ld to a

Sattlll’at!c(l S])(!c.t!rlll 1) ])ro])ol’t  i[)llal to 7/1 “ ‘{ (l)cw;I, aIId (;ood  1!)86, S]]litf]  cf (Ii. 1!)87).

III additio]l,  t)llc l)mw]m o f  a slImIiIIgJ;  77011.31 \Till(l  m:atc(l  critical lfiyms,  IIG31  wrltidt

glavitly  waves lmolnc  I]]Istal)lc  Viii hot,])  l<dvj]l-  lld]IIIIolt  z a]I(l (o]lvcctivc  j]lstal)jlit,ics

(Gc]lcr ci (Il. 197[,). Agai],, w’c dc:clmwxl  tlllc  a]n])litlldc  o f  III(: wdvm  SIICII that) tlIC

wavcx alc ]Ilargillally  stal)lc. As S } IOWII Mow, tllc wavm  t]lat Iwnai]l  aftcl l)rmkil]g

arc s~lfiiciultl  10 Callsc tllc  ol)sclvd  SCilltJj  llittic)ll  S.

2 .  Gravi{ly Waves a s  a  Sc)urcc of l{adio Scinlillaiiol)s

2 . 1  ~’lle  scintil]allio]l  integral

III tlllc tlIcory  o f  sci]ltjllatiolls  ill radio  occultlat)io]ls  llsillg tlIC l{ytov  al)])mxi-

]Ilatlioll  (’J’atlad{i 1 {161;  lslli]naru  1973 & 1978), OIIC of tllc  jlt]lmrta]ltl  quanti t ies  js jy,

tllc:  logaritjlil[t of tlllc  ddrjc  fi(:ld o f  11)[:  Iadio  sjp;]]al  ilS vjr~su 1 fIOlII l’;altli. ~illcc ~

cdl) oi l ] .y IJC (Illalltifi(:(l jll a s ta t i s t ica l  SCIISC) lIJC aIIaljm tll(: valiallcc s]mctnlln o f  ~

ill frquw]cy.  ‘J’llis  IC)g-a]]l])litll(lc:  vdrjallcc  sIx:( t,lu]l] lVX(I/) js (ldilIcd  a s

llallgstfad  (1 979) and Wcm f:f a(. (1 9801.)) slIo\v lIow~ this is l(:latd tc) t,llc rcfrac.tjivc

i]ldm varia]lcc!  sjmtlru]Il  tlllrougli

IIw+ v is tjllc frcqumlcy,  k is t,lIc flm-s]mcc wa\cIIuIIIlmr  of tlIC I adio si~;]lal,  }1,,, (kg , k~, m)

js tfl IC valia]lc(:  s])mtIulII  o f  ]oflact,ivc  illd(x fl(lct,llatiol}s  ill tll(:  sl)atjial  }\~tIl~clIllllll)cls
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(k; , k:, m) Wl,(!lc  k; a n d  L“; iil’c  tlll(! IIol”izollt  al” Wavcllullll)(’1  s ill \~clllls’s  at,lllospllm!

taIIgmIt to aIId tIaIIsv(:I sc to t,l Ic ra(lic)  lmiIII  ]);itl I, 7// is t II( v(:ltic.a] \\’:I\~CIILIIIIl)CI,  ja

all(l in am Illlc a])]J:Ir(:llt s])acmraft  ]I}OtliO]lS i]) t)llc lIc)lizo]Ilal  alI(l  vcltica]  clircctio]ls

011 VC]IIIS,  al](l  :r’ is tl]c dist)allcc coo]di]latc  al(~]lg illc lillc {Jf s i g h t  to tllc S]jamcraft.

‘J’l Ic IImizo]llal  l“l(:,si]d  s ize (lj is givcu]  l)y @i/2~~.  ‘J’l,c ql]a]ility li is tllc  radius  o f

curva tu re  aII(l is givml }Jy

1
- ] -i :;2,

~{ ‘“ II’,

Wllcrc l{] is tlIc dista]]cc froln  tlIc s])acc(I  aft  to 1 lIc o(:cultili{;  atIIIos])lIc  Iw aIId li2 is t,]lc

(list} allcc froll) tll I(: occllltillg atlIl(x4])lle1  (: to tll( ol)scl  i’cl (al l~altll). ‘J’l Ic d(~focllsillg

fd(”.tor  q2 is tllc  factor l)y wllidl tlIc  radio sigl]a]  is s])r(ad  olIt l)J’ l(:fla(:tioll  ill \~cIIus’s

at!lllos])llcl”(:  (q~ = 1 0  iol” 111(! case [ollsi(l(’l”cd  11(!1(:). ‘J’11(: a])]Jal(:lIt  vclocit,y  of tllc

S])ac(xrfift,,  gil~(:ll  l),y jQ alI(l jo) is t])c l,(,]ocity of t,l Ic s])a(.(,(laft, as i t ,  a])]j(:ars  to t,l Ic

ol)scrvcr,  illclll(lillg  t,l Ic {! fl’cc.t of ldlact  ion. ‘I’l Iat i s ,  jo: j, alI(l  io= i3/q2,  wlI(:rc ?j~

aII(l +S aIc tlIc  actll:tl  s])accc.rafi,  vclocitj’  c.ollll)()]]c]lts  (]). 32{) of  IIaugstad 1979; ]). 697

o f  W o o  c{. 01. 1980). l~acll  wavc]llodc  c(~]lt]ibultx  at a frmlll(’l]cy  give]] l)y tl]c  rate at

wllid]  tlic s])acccraft CHNSCS tllc ]nodc)s  ])1 Iasc f ron t s ,  a s  ]c’(jui](:d  l)y tl]c  l)irac ddta

fllllciimls  fi(. ..). AvcraF;illg aloII~; t]lc  lIeam ])at]] g;(lalallt(w l]lat oII]y wav(!s wit]]

k~,: O col)tlil)lltctc)  tlllcl~tl  liallccc)f~.

Mostj  of tlllc  scillt,illtitic)llsalc  clll[t[)l~cltli(:til  IIlotioll of tllc  l)caI II t,l)mug}l t,]l(:

at<lil(m])llcrc,  w tll(:lx~  is IIcarly  a OIIC to 011(:  c(JIIcs])o  lI(l(:II(c IJ(,t}v(wl]  fmqum]cy v a]]d

vcltic.a]  \\Ia\Tc:IIIlIIIl)(:171L. ‘J’llisis l)c(:al]s(:t,l]ct~l;a  tc]]ll  is lalp,utllti]l  tllc A$?ja tcl]ni]]

tlll(:  l)irac (l(:lta  fu]lc.tiolls. ‘J’llc  la] gcst  cc)]]t]il.)lllo]s  to t,llr sci]ltill:(tic)]ls  llal’c k:< 1 /}1,

Wllclw  )1 istlll(:llo]iz(~]]t,al  scalcof  tlllcc]](:]p,)~-l  .)c;i]i]lg  c(l(licsill  tll(:cc)]l]~[:ct,i[)]l.  ‘J’]lmc:is

]Io suc]l  rutlrictio]]

O]lly tllosc Waves

IKxzllls(!  Only tllcll

011 ?n, llowcvcr,  si]lc.c?n  - ) o:) as tllc  1~’av(!s  a]~]]maclt  c.]itliml laycls.

wit]l ajm/g> 1 will co]ltlril)utlc  sig]lifica]ltly  to tlllc  sc,i]lt,  il]at,io]ls,

i s  tllc argulnclltf  o f  tl]c  sill{, tcr]]l  i]] (2) {~,lratm t,]la]l  llllit,y.  (’J’]Ic



U])]) cl’ l)mlll[l  C)ll k; CHISIIICS  tllatl  it dom ]iotl  colltfribullc  sig]lifica]ltly  tjc) tllc  argul]lclllj

o f  t,l)c si]lc tcr]Ii.  ) ‘J’IIus,  l(m&)/(k~ja)l > (qll/[IJ) \;a/:jal ill wllicll qll/aj  = 80 f o r

q~= 10, }1= 5klll, and (/j:

to lIIC!  a])pal’(!llt!  Spac(!c.raft

011 tll IC ra{io of 7n~a to k~?ja

200111. Giv(:ll that t IIc actual  S])ilC.CC1’aft  lllotiol]  is rdatml

]not)io]l  tllmugll  ~. == jS aII(l  ;~~ I ;~/q2,  t,ll(!  low!]’ boull(l

I)CCOIIICS  8 l~s/js[.  Si]]cc  this lc)lvcr l)ouII(l is II IUCII g rea te r

tlIaII  unity  for Inost,  s])acx:craft  IIlotiolls, tllIC n(i~ txmll i s  IIIIICII gmatcr tlIaII lllIC  k~~a

krIn;  lIcIIc.c, tl]c  vc]tical  wavcIIul  II})cr 77/ (ldm Jni]lcs tlllc  fr(:quc]lc.y  v.

ltquatio]l  (2) difl’crs  frcnn cquatfio]]  2.5 of llau~;stlad (1 979) (c.j. aIId quaticnl

8 o f  Woo d 01. (19801)) oIIly ill tlta{f  wc ltavc  tl’)ro  l)irac dc]la fltl)diolts  aIId tllcy IIavc

OIIC. WIImI  j]]]])lc]llc]]tillg iu]hulm)cc, o]lly OIi C dcltfa ful]ctioll  i s  ]lcccxsary,  as 1011S

as all cxtlra factor of 2 is i]lcludcd,  l)c( ausc  tl)(’ s])cct  ]LI]J] ol t 11]1.}ulc]lcc  is s.y]nlnctlric

1a  )out k; = (). IJol’ gravlt!y wa\’cs 1 1 1 ‘ ,  SUCII  a syIIIInctly  i s  nota  s])car  fiolv,  lIowcvcl

cxl)cxkxl;  t])us wc IIIUSi ]ctai]l both del ta  full(tiolls.

])lallc

(3)
7// = K Cos o

w],~l(:  K is t,]l~:,]]l])]j~l](](:  of ~]IC wav~~(:ct,o].  i]) ~]1~ y’, ~’ ~)]al](:  {1]1(1  O is t,]l C aIlg]c  aWdJ~

fro]]) tlIc  vertical at wllicl)  a wavmno(lc  pro)) agatlcs. IJo] co]lsistc]lcy,  wc rcw]itc tlic

al)l)amlt  sl)accc.rat”t velocity Ja,  i. i]l l)olar  c.o[)r(lillaks:

(4)

WIIUC  I)a js tjllc  al) I)ar(:IIt  sl)cxd o f  tllc  sl)a[:ccraft  all(l o i s  tl]c  a]lglc a w a y  froln

tllc vcrtiml  a t  w~liiclt tlIc s~)accwaft  al)l)cars  to trawl. \VIIcII  w i]]scut  ilIc  above

cxl)rcssio]ls  illtlo  (2), tlIc  j]]tlcgratioll  is ovm K a]ld O. ‘J’IIc delta fullctio]ls  allow us to
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illt)cgratlc  over }:. ‘1’l]is lcavm

m+ 7rf2
wx(v) == 87r2k21/ ?’;

!
( l o  SCC2(0--CY)

cY–nf2

[------

2:%21{
x si112

h): C*;: 0)]Sd(o--a)(sinzo-l - (5)

‘1’llc lmwm  Slmc{lnlln ill t,llis  cxluatio]]  is tl]c salr]c as tlllat i]l cquaiiml  (2) exccl)t t h a t

tllc tlircc argu]]lwltls  k~., k;, In of illc i]l(lcx mfriidio]l  sl)cct]llll]  a]c (lct,cllllillcd  by t,llc

fqumlcy  v, tl]c  al)]jamji  q]accclaft  SIXXX1 Va, tfl]c a])l)a]e]]t  s])accc]aftj  m)hy a]]glc a,

and tllc allglc  o.

‘J’llc x’, y’ coodillatcs  am dcfi]ld ]dati\c  tc) tllc Ii) I(’ of sight  tic) tllc sj)acccrafti

‘1’llc IIorizolltja]  wavmIuIIIlm lmi]  k,, ku is ddi]lf:d  ]dativc  to tllc IIICaII wind, wit]] x i]]

tllc d i r ec t ion  of tl]c wi]ld a]]d y trallsvcmc  to it. ‘1’llis  is tfl]c  coodil]ailc  systmn used

I)y 1 ,11 .  ‘J’o  t]a]lsfor]n  to tlie  z’, y’ syskm USN; for a]lalyzi]tp;  sci]]tilltilic)  ]]s, wc ]otatc

tlllougll  al) allglc  A. WIIcn  illc lncall  tvilld  i s  ill tlIc  zoIIal dim:tioll,  A  i s  tllc a])glc

lKtwwc]I tl]c  radio  l)call] l)atlll  and  a li]lc of  coIIstaIIt  la(il(ldc  at tl~c Lcaln’s  c l o s e s t

a])]) l’oacll  to t?]lc ])la]ld)s  sul’face. ‘1’IICII  tllc aIIglc A is lclakxl  to tllc obliqllity  11 o f

t,l)e l)la]]ctl  to l’;a]tll slid  tllc l a t i t ude  A of tllc  occultatlio]]  tl]mugll

sill  1)
si]lA = - ----

Cos A
(6)

2 . 2  I n d e x  o f  refradic)n  fluduatic)ns

A s  ]Ilultiolld  ca]lim, tllc i]ldcx of ]cf]iictio]l  fluctuatio]]s  nl am da ted  to t,llc

dc]lsity  fluctuatlio]ls  i]l t,llc atmosl)l]c]c. WC usc  tl]c  fi]stf  la;v of tllcl]]lo(ly]la]]lics  and

(4) of 1,11 to SIIOW that

f“ -, _!!- ._ !; (7)
>- yl{?’ C1,
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wlIcrc  p’ is t)l IC dcIIsity  fluctuatiml,  q!!’  is tlIc  l) III SSIIIC fluct)llalio)l divided I)y tl]c  ]ncall

(]cglsi{,y  p, .$’ is t,]Ic sl)c:cific.  CIItlNIJy  fll)ctuatiol),  y i s  tlIc adial)atlic  illdcx,  and cl, i s

tlic spec i f i c  lIcd at col]stal]t  ]JKSSUIC. 1 1 1  01’(lcl to Coll”l])al’(!  tllc! two  kl”]ns  011 tllc!

Iiglltl-lialld  side of tl]is cquatiol), wc SOIVC for S’ in IXIIIIS of #:

,q’ ,. 5 – ‘:2 . 3:
g,, N2 - CJ2 &

(8)

wlIc Ic N  i s  tlllc  lln~llt.-Viisiili  frcqucllcy,  g,, i s  Vc]lus’s p,[avitatiolla]  acmlmatfion,

L =- kj. (co —  ii(z)) is tlllc  willd-slliftlcd  flcqucllt.y  d I,l)c wal’c , and m is  t,llc vdical

wavc]lu]])]m.  ‘J’llc IIotatiol]  and dcriv~tioll  am tllc salnc as ill 1 ,11 . ‘J’l Ic squa]c  of tllc

vdical  wavcl)umbc!r  is given  as

N? -. (,2
7T,2 ..-. p

&2 (9)

(10)

Scvmal  autjllors  l~avc calculated tllc coefficicllt  m]atil]g dm]sity  flllc.tuatiolls  al]cl

mfradivc  illdcx  flllctuatic)]]s  for VC1lUS’S atliios])llcrc  (1’hseIJ  and l’ho]nc 1951, Wc)o

1975). WC usc t])c value  givcl]  by WA, w’}lic]t  is

?i~ = (1.35 X 10-(’ I< / l ’a )  1{(,’ (11)

1’ -  189.0 J kg-] K- l  (S t i f fill wllicll 1/ is tlllc  g a s  Colistallt  fol’ Vcll Us’s  i)llllOS])l)C1’C, 1 -

ci (Il. 1 980).
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w o  ]Jlcccdillg  cquatiol]s  and {quatioll  (27) of 1,11, wc CXI]I write tlIc

l)owcr  sl)cctru III of ilidcx  of rcfractiml  fluctuatio]ls  as

()/i)(2. ) 2
]3,,,1(kT, ky, J7t)==  (2.55 X  1 0- 4  m 3  kg-”1)2 -

!111

~ _- . . ..?-.— !?! 2
(12)

(N2. ~2)2 ~z Jf(L,k,,77t).

l{’ollo}villgl,ll,  ]t’cllsc} ~(z) tolcl)rcsm]t  illlollll 2\lizcclf  ollllt)  ftl]c~' fl~lct,llat,icj1]  illtllc

rcgioll  al.mvc tllc col]vcdioll, Zllld M to rcprcscllt  tllc \4’a\’c  1’CS])OIISC to  forcing  by t}Ic

collvcc.tfioll.  Wc cvaluaic M  diflcrclltly dc]mldil)g  olI wlIctlI(:I  a ])articular w’avmnodc,

dctlcrlnillcd  by k.., ky and  m, radiates  to  spacx  or ])ro])agaks  str ic t ly  l)orizo:lta]ly.

For waves  wllid] radiate tm sl)acc  (prop(i~(liing  waves ), ~f(~, k, , It-g) is givm) l,y

cquatlio]l (32) of 1,1”1. ()])c transforms to Al(k, , L“v, m; 2) usill~

(13)

‘1’lIc  quantity  ~ ill cquatiol]  (32) of 1,11 is ~ivcll by cq(]atioll  (18) of 1,11.

l“or waves restr icted to }Jorizo]Ital  ]Jrol)agatiolt  ( i?(~ppcd  waves), 1,11 do ])ot

give all m]mxsioll  for Al bccausc  tlicsc wave.~ do J]oi colltril)utc  to vcltica]  moJncl]-

t,ulll  tralls]mrt. 1]] tl]is  ])ill)C1’ WC IIlust  collsidel  illcir  all)])litll(lc  l)ecausc  tllcy do cause

refractive il]dcx fluct, uat, io]ls. ‘J’rap}d waves col)tri})ute  I IIUCII of tllcir  alnl)litudc  rcso-

IIaIItly.  ‘J’llis could k ])ml.)lcll)atic  kmusc  tll(sc Icsollallc(+  call bc tllillllcr  s])cctrally

tllall tllc intcrva]  wc clIoosc for s])cc.tl  al illtlcgratioll; lIo\Y(wcr,  by alla]  ytically  illtc-

gratillg  over  tlIc rcsollallccs ,  a s  S] IOWII ill tllc  ]Icxtl scctioll, wc c,a]i account  for  a l l  c)f

tflIC  aln])lit)ude.

2 . 3  Trapped wave alnplitudes

IIcle wc fil]d all analytic  cx])rcssiol]  fol tllc  alll])litu(lc  colltaillcd  ill a rmollalltly

tlra])])cd  gravity wave. III 1,11 wc used a ]]lodcl atllllos])ll(:m  ill wllidl tll]c s q u a r e  o f

tllc llllllltl-\~:ilstil:~  frcquc]lcy  was zero  illsidc  tllc  cc)l)v(:cti(jll  a]]d was N: ilnlllcdidtcly
. . . . . .
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almvc  tllc c.ollvcctjiol),  with N: ~ 4 x ]()- 5 s--2. ‘1’],c CI,(:Igj,-l)(:~iIiIlg  eddies liavc  lcl]gtlll

scales 1 /k of order 5 kln a]ld vcloc,ity val ititio]ls llC of order 3 II] s“ ] . ‘J’llc  ccmcspolldillg

frcqumlcics  (w=- k{Jc N(i x 10 -4  s - ‘), arc SII~allCr  i,llal]  NC,  .so wc assu]l]c  that u<<NC.

‘J’llc r e s u l t s  of t,l)is scc.tiol~  d o  ]Iot dc])c]ld  o]) ihc sim o f  u com])arcd to NC, but

calculatil)g  tlIc ovclall  contribution  o f  rcso]la)lccs  i s lnc)st  casi]y  dolIc  ill ilic s]llall

frcqucl)cy  lilllitl.

Accordi]lg  to (32) of 1,11, M is illvcrscly  ])rcqmrtiol)al  to lWr12, wllcm Wr(g,  h)

is tllc Wrollskiall  of tl)c  ttvo illdclm]dcl]t  solutit}l)s  g(z) a]ld l~(,z). ‘J’llc  folll)cr satisfies

tllc low’cr I.mulldary  collditiol]  at il)c  hasc of tl)c collvcctio]l; tllc latter satisfies tllc

up])cr boundary  col)ditliol)  ahovc tlIc col)vcction. 1,11  collsidcr  ])rc)]mgatillg w a v e s .

1 ]owcvcr, h(z) for hap]mcl waves is diflcrc]lt  f] om h(z) for ])m])agatillg  waves. “J’llis

af[cds  tlllc  cx])rcssioll  for tl)c Wrculskia]l. ‘] ’la])]  ,cd wa~’cs aIc tlIosc  wllic]l  arc COllfillCd

to a IIorizolltal  laym, or dud. Sillc.c  N2:=  O witllill  tllc  co])v(:ctioll all(l AT2 =- N: imlnc-

diatcly al)ovc  tl]c  col)vcctiol], tllc  top of tl]c  co]lvcdioll  layer is tllc lower boundary

of t] Ic [111 Ctj . ‘J’lIc lll)])cr Loulldary  of tllc duc t  i s  forlncd )vllc]c tl]c  l)o])I)lcr  slliftfcd

fqucl]c.y  b cxc.ccds N(z) and m 2  hcomcs  IIcgativc. ‘1’IIc foil]] o f  IL(z)  wit]liu  tlIc

dud is

{“”
//(2)  v L -17?LI  si,,(~j~  –  ]) ‘ m /4 )

/)

WI ICIC tlIc  ])1 Iasc j) is lncasurcd  frolrl  tlIc to]) of tlIc coIlvcctillg  laym  and  tllc l)llasc Qd

is tll]c total ])l)asc witlllill  tl)c  duct. IOvaluatlil]g  ~~ slid 31//{)2 just,  a b o v e  tllc  collvcc.ting

layer (wllcrc q= 0) and  sul.)stitlltillg  into c(]uatiol]  (14) of 1,11 gives

Wr({g, h) == Loft
{[
;; (1  - -  :7 - ) : :  COS(Q({  - 7r/4)

c

-- taII}I k]] sill(Q~  - T/4)]

wlIc Ic pC i s  tllc atl]los])llcric  dcl)sitly  at tllc to]) of tlIc c(ollvcctlioll. Sillcc u << NC,

tfllcll  ?nC >> k (c.~. cquatiol)  (9)),  and  tlic  first  tcrII]  ill tl]c s q u a r e  b r a t . k c t s  i s  u s u a l l y

IIIUCl I less tlIal  I tllc scco II(l. ‘1’IIc scco IId km] l)(:colncs sltlallm  tllall  tlIc  first, lIowcvcr,



wlicll Qd5 (7/ -i l/4)7r.  1]) this rcgio]] M is maxilnizcd  altcl  a Icsol]al)cc  oc.cll]s.  S i n c e

wc a]ltici]mtjc  tll)at  lnos~  o f  tllc  aln])litlll(lc  COIII ributcd  l~y tral)])cd  \vavcs  is dollc  by

rcsollallt  modm,  w c  al)])roximatc  M  ill tlIc vi(i]]ity  o f  a  rcsoIIa  IIcc. III doing  s o  wc

dcfil]c:  6’CJ Z Q~ - - -  (?2 -j l/4)7r al~d cx})alld  sill(Q~ - 71/4) s l i d  cos(Qd  - 7r/4) ill $Q.

A f t e r  sul)stitutillg  6Q s: 6Q’-I k/(mCtal]ll  k]]) and squari]lp, tllc YVrollskia]l,  wc fi]id

(14)

‘1’llis  cx])rmsio]l  al)])cars  ill tll IC dc]]onli]iator  for tlIc~ leII]j)[laturc  va]ia]]m,  ccjuatic)n

(32)  of 1,11. ‘1’l)us  cad, rcsol,d],cc  l,as  a IJorcvllziall lillcslla])c  ill 6Q’ wiill  a IIalfwidtll

at IIalf-lllaxillllllll  of

6Q], =- - -–----i’ -–—- ~
wrc Ilic t an]] k]]

Note that  tlic  widtl]  of t}]c rcmol]al]cc  is illvcrscly  proportional to t}]c daln])il)g  timcscalc

Tc of tlIC co]lvcxtlio]].

If wc i]lkgrak  14 ovm tl}lis rcsolial]cc  wit])  tl)c  val’ia~)][!  o f  ;I)tcgratioll  Qd, we

fiI)d liow ]nucl] aln])litfudc  tl]c  rcsonallcc will cx)ntribntc  to wave fluctuatliol]  variallccs.

l~llltllcll]lolcl,  if wc tllcn  divide Ly n, bcc.ausc  cac]l rcsollal)cc  is sc])aratcd  by T radians

ill tllc  ]jltasc  Qd, wc call find a ‘< SIIIOOth))  spc~hum  for tra])]d  waves. ‘1’llis  smooth

s])cciruIIl is

A1.,l,ootl,  (w, k , ~:!, )= -!C .-K. C((.d, k , . ,  kv).
W2W 1 allll k]]

(15)

WC usc  t]lis  cxl)rcssioll  f o r  M ill cvaluatiltg  tl)c  all]l)liludc  col]tril~uhx]  I)y trap]d

waws i]) (12).

l’lvc]) tjlloug]l  tl]c  sInoot}l  s])cclJu]Il  fol tra])~)cd tvavcs w a s

k < <  77zC, it works  WCI1 ill nlally  otllm l i m i t s .  [Sc~ IJcloy (1 994:

fouIld I)y assmllillg

fOl’ SOJ1lC  Of thCSC?

otllcr lilllits.]  111 flgurc  1 wc sl]ow a comparison bdwcml M and MS,,,  C)c,~I,.  ‘J’llis  f igure

SI1OWS illatj t,llc slllcmt]i  s]mllu]r) cli]l]i])atcs  lI)c rcsol]al]cts l)utf  })rcsmves  tllc o v e r a l l

il)tcgratcd  aln])litudc  Colltril.)utd  by tral)pcd  waves.
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Wc Collc]udc tlIc  scctiol]  by  sullllllarizillg  lIow  OII( sillllllatcs  log-a  llll)lit,udc

radio  s{:illi)ill;ltlic)ll  slmc.tra,  givml  a p;ravity  w a v e  sl)drulI1. ‘J’IIc silnulatiml  cquatioIl

is  (5). WC iml)lcnmni  ccnlvcctivcly  gcllcratcd  /’;ravitly  wavm  tllmugl) (1 2),  (13),  and

( 1 5 ) ,  WIICIC A is give])  by cquatioll  (6). ‘J’llc  Iactor  M(w, L,, ky) is calcu]atcd  using

cquatioll  ( 3 2 )  o f  IJll, and 811/i3z is calculaiml as  dcscrilml  ill a])pclidix  11 of IJII.

Values for IIIJC ]Jaralnctcrs  v ~, o’, qz, and A arc difrcrcllt  fm WI C’]1 occu]tatiol].

3 ,  Sc in t i l l a t ion  S imula t ions

3 . 1  Scintillation  daila

l“or tllc sake of coln])arisml,  wc Icprodu(  c tl]c  ]mwx:r s]mlrulll  of log-aln])litude

fluctuatimls  at CiOkIn  altitude iI] tllc S-bal~d  origillal]y  c a l c u l a t e d  by WA. Sillcc this

data is arcllivcd  0]1 outdatccl mdia and sillcc o]lly ol)c s]}cct)ruln  was  ])ul~l;shcd, w c

digitizd  tl)c  data ])rcmltcd  ill fi~urc  4 of WA (]viill t,llcir  ]wllllissioll).  ‘J’llc  occu]tatio]l

is tlakml  from mbit 18, day of’ year 356, 1978. Itl occumd at 86. (iON latlitudc.  It is

IIard  to avoid  IIigll  la t i tudes for  l’icnlcm Vc]llls  occllltatiol)s  Ix:causc  tll]c sl)acccraft

was a ])olar  orbitfcr.

M~[:co112]Jllt(  :tllc]J om~cls]> cctrLllllof lo~,-alll])litll(  l(:Iali:illccflo  lll tllcdigitizcd

data. W c  f a d  l“ouricr  hallsformcd  tll)c  data, squad  cac]] cocfficicllt,  and multi]  )]icd

by 13 .24s ,  t(ivicc tllctill-lt> illtjcll’al[  )ftllc{l  ata. ‘J’11cf;~ctc)lof2  clltc:lsl.)cca  llscwcfol(l

licgativc frcquclicim  ill wit]] lmsitlivc fmlucl)~ics. ‘1’l)c dip,itizcd  data and tl)c  ])ow’cl

S])CC(,IUIII ;s I)rcsclltcd  ill figulc 2 . M7C find I}]at  tlIc tot,iil vaIjaIJrx:  C7X2 & 0 . 0 4 4  i s

ill agrccl]lcl~l,  wit]l W7A, al]d tl]us  tltc  scilltilli(tio]ls  call bc col]sidcrcd  w e a k  bccausc

OxZ<< 1.

11) our silnlllatimls,  wc i)ltclld  to lnatcl]  lIIc gcllcral  t] c]ld of tllc  l)o~vcr s]mtjrurn

ill tllc frcqucllc.y  illtcrval  l)ctwcc]l  almllt  3 IIz illld 150 IIz.  l’o}vc]  at frcqumlcics I)C1OW

3 IIz is IIotl colltril)utcd  l)y diffraction (:f~ccts,  Ijccaus(’ SLICI) low frcqucllcics  corrcs])o]ld
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to scdcs  lal’gcr illall  tllc l~lcsllcl  size ilI Vcl Ius’s  atmos])lIcl  c. ‘J’lIc S] KXtImIII al)pcars

c o a r s e  a b o v e  3  IIz, wllicl)  is t,hc co)]scqucl)cx of a sillg,lc  r ea l i za t ion  c)f a ralldolll

])rou!ss. YVitfl]  lrlorc rcalimtio]ls  OJ)C could  o}~l ail] a  sInootllcl  s]mlru]]) hy formil]g

all c]]sc]nb]c  average. ‘J’llc  trm)d  of the ])owcr S])CCLIUII]  clla]lp)es  slightly for frcqucllcics

grcaicr tllal]  150 IIz.  At frcqucllc.ics  greater tlIa]I about  100 IIz, scvcra]  IIoisc  sources

bccomc  iln])ortal)t,  includil)g  errors ill our digitlizatiollc

hlal)y  }malnctcrs arc cxp]icitly  dctcrlllil]cd  by tl)c gccj]nct,ry  of tl]c  oc.culta-

tioll ill qucstioll. ‘J’llc  s])acccraft trajectory and  defocusing  facto] dctmlnilic  tl)c  c]]try

velocities ?) ~ and tie. WA g;ivc v:, == 7 . ’ /k111  s- ] a s  t}]c sl)acccraft  IIlotlio]l  without  illc~

Cffcctls  of dcfocusil]g,  allcl  w c  l]avc ]ncasurcd  tl)c s])acccra  [1 tfrajcctory  to bc about

35° away from tjllc  vcrt(ical before it cJItcrcd  tl]c  atn los])l]crc frmn  figure 1 of Kliorc

and l]atlcl  (1980) .  ‘J’l Ius, ~~/.is  == tan 3 5 ° . Si]lcc this is IIIUCII lC S S  tllall  8 (SCC dis-

cussio]t  ill scctic)ll  3. I ) ,  IIJC occu]tatioli  can ]W col]sjdcrcd  vdical.  l“ollow;n.g W A

WC llSC q 2 = 10 at 2 =- (;oklll. ‘J’l)c]l  t h e  a])pamit  II]otioll o f  tl]c  s])acccraft,  ill-

CJlldillg tllc cfl’cct)s  o f  d e f o c u s i n g ,  arc ?)~ == 7.7kln  s- ] sill  35° = 4.42k]ns-]  and

,& = 7.7kl  11 s-] cos350/q2  = o.63kln s- 1. ‘1’})is lnakcs tl]c  a])])alc])t  clltlry  allglc

@ =. tall-l (?;o/ia)  ,=- 8 2 ° and tllc a])])arcllt  clltry velocity Va = 4.461{ 111 S–l. Otllcr

dctcrlnillcd  ])aralnctcrs  arc tllc spacecra f t  to  ]imh  distallcc  (It] = 3819 km) and tllc

Vcl}us-l’~artll)  distfal]cc (1/2 == 69.9 x  10(; kIII). IIccausc  1{1 < <  1/2, tl]cll 1/ N 3819 k]n.

Also,  wc usc tllc S-band occultation  data; t])us LIIC calricr  frcqumtcy  is k == 48.2 m-l.

‘1’l]c l“IcsIIcl  size aj is 2 0 0  mci,crs. ‘1’llc l“ICSIIC1  s ize is  tllc  salnc as tllc l)caln  widtl)

IIlllltli])lid  I.)y 7r. l“il]ally, wc al)])mxilllatc tilt: }>cal]] ])atlllcllgtjll {Illrougll  Lllc atmc)-

s])llcrc  as 1, m <m.;,,;, 11 w}IcIc l<vC,,,,. is tlIC radius of Vc]llls and 11 is a scalclicigllt

ill tlic atlnosj)ltcrc  (sm figure 7 i]) Woo ci az. 1974). lJsillp,  6050k  In as i]]c radius of

Vmlus and 5km as tllc scalcllcig,llt,  wc find 1, H 540k111. ‘1’llis  is collsistc])i  wjtll  WA.
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3.2 Simulations

III tlIis  scdiml  wc c.c)m])alc our coIIII)ut[d  rad;  o sci]l illatlic)l]  sl)cctra with the

data. ‘J’IIc two Inost  sc]ksilivc ])ara]]lctc]s arc tlI(: aIIglc A l)ctwccII tlIc radio I.)ca]n])atll

and t)l]c  ]I]ca]l wi]lds a]ld the a]nplitucl(!  Uc of  \’clocitly  f lue. tuat io])s  i]] tl]c  co]lvcctiol].

AltlIouglI tlIc  gcoIIIctIy  c)f {IIC c)cc~lltatioI]  is lil IowII, 1,1 Ic II)cal I willcl  dircxtioll  is IIot,

})articular]y  at t,l Ic lligl]  ]atit, udcs  WIICIC  t,lIc occulta{, io]ls occur. hlorcovcr,  tl]c  result-

ing  spectra arc most sm]sitivc  tc) va]ucs  of A around  zero, tllc va]uc  if tlIc  lnca])  winds

arc zolla],  bccausc  tlIc Il tlIc  c)ccultatioll  salnpl(:s  tlIosc  s])c{;al w a v e s  tjl]ai,  do IIOt ill-

tcract,  wit]) tlIc  InCaII  willcls.  hlally of tl]c wave+ arc al)sol  Led ill critical layers })cforc

1,1 Icy rcac]) 60 liIII altitll(lc, to wllicll our data rc!fcr. ‘1’lIc l’c]ocity  alll])liiudc  Uc of

tl]c  collvcctlioll t]lclcforc  af~ccts  tllc all)])litudc  of tllc scil)tlillatiol]s,  bccausc  a grcatcx

fract,io]l of tllc wav(:s  call ])ro])agatc  to (;0 kIII altitude WII(:II lJc is ]argc.  Also, al)ovc a

c.crtaill value of [Jc, t]]c wave clnissioll  fro]n t,l]c co]lvcc,tio]l  is la] gc cIloug}I  so t}lat tllc

s])cct,ru]~]  sai,uratcs tl)muglloui  tllc frcqucllcy IaIIgC o f  i])tlc]cst (about  ‘2 IIz tllrougl)

5(I I] Z). Si]]cc tllc ol.)sclvcd S])cctru]n  slIc)wfs c\ ’idc]lcc of salu]atio])  t,llrougl]outl  tl]is

frcqucllcy  l’allgc, wc call at least derive a lowcl Loul Id o: I tllc vcloc.ity  aln])]itudc  Uc.

3,2.1 ~k]>cmc]c!nce 011 A

I II cxI)lori])g  tllc dcpcI]dcI~cc  of Wx(v)  o]) A, wc first set t,llc  c]ltry angle ti to

ZCrO so tlIC occultation] is ]JUIdy  vmtical.  ‘1’IIc ])ii]a]n~tc]s VA and  q2 rclnail]  7.7 kln  S–l

and  10. ‘J’l Ic l~lcslIcl  size aj is still 200 II Ictcls. 1 II figure 3a, wc set tllc col)vcctivc w’illd

s])ccd  at) {Jc = ] ]n S-1 , w’c ill)])lcl])cllt tllc  coIII])ldc  l)rcaki)lg  of waves as dcscribcd

ill scci,ioll  2 of ],]], al](] WC vary A froln  0° to 4 0 ° . ‘J’l Ic s])cctra were dctcrlnillcd

a t  [iOkln  altitud(!.  WIICI1 A == 0°,  tllc lmaIn ]jatl] and tllc IIlcan  w i n d s  a r c  parallc]

(k, == k~.).  SiI)cc avc]agi,)g over il)c  bca]n ],atl]  ]JcIInit,s  co]ltributiol,s  oIlly from waves

witlI k~, == O, oIIly purc]y  Incridiollally  propagat ing waves  alc saln])lcd  (k,. = O).  Such

w a v e s  cx])cricu)cc  1)0 l)o])])lcr  sl}iftillg  l)ccausc  L == u - k3.iI = u. As A is illclcascd,
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lb~)plcr sllifti])g  clocs  occur a]]d gravity wave critical laycls (i. e., altit~;dcs  at w}iicl]

~ ~ ()) CJI~C]. illt,o  t}lc  sc,illl,  i]]at, iol) illt,cg;lal. Sin{ c waves am fi Imrbcd at tl]cir critical

layers, II]UCIJ of tjllc  waw:  aln])lit)udc  is lost ldolv  60 knl altillldc~ fol sll~.)stall~i~l  v~l~l~s

of A.

l“igure  3 sl]ows tfllat  tlIc  s l o p e  d tlIc  lligll frcqumlcy  ]Mrt o f  tllc slmctrum

chaltgcs  wlIcJi  A is near zero. q’l]c following is a llcuristic  argulncIit  to cx])laill  i}lcsc

cl~al)gm.  WlicIi  A is ]iear  ze ro  tl]c  wavcIrlodcs  scnsd ill tllcsc s p e c t r a  a r c  Imokcll

t,wic.c  first a s  tlIcy  a r c  cmitkd f r o m  tl]c  col]vcdioll  and  sccol)d  at (iO kln  altiiudco

Ac.cordil]g  to (9), il~c waves  wit,}i  }Iigl]  77z- tl)osc su})jcct, to I)rmkillg  tclld to l]avc

l o w  u. 1~’or A ]lcar  ZCVC), tlic waves  that  co]itril)lltc  to IIIC  sciljtillatiol)s  arc IIOt l)o])])lcr

slliftcd.  Waves wit]) IIigll  m/low u at 60 kll-1 also llavc  llif,l]  T///low w at tllc top of the

collvcc.tioll,  WIICN t,l)cy  Lrcak  as discussed carlicx.  lJu  It}Icr I)makillg  of t})c lligl)  m/low

w wavm occurs at lIigl  IeI altitude, as otllcr waves, ])l’O])~gilti  Ilg; ill clifrcrcllt  dircctiol]s

rdatjvc  to tllc IIlcall flow, a])])  roach  t llcir cril ical layers. As wc IIavc formulated it,

l)rcakil]g  Iduc. cs t)llc a711])litludc  of all waves witlljll  a givcll I)iilld  Of 7“)2, C! V(!lI if Oll]y

SOIIIC of tll IC w a v e s  ill tl)c I)alld  arc ap])l oaclli]l,  q critical l:iyc]s. l;acll  st,agc of ljreakillg

m u s e s  tlic s]mctlmln  to fall ofr more ra])idly  with 711, s o  {IIC sci]]t,illaiio])  spcct,ra at

l o w  A  IIavc a stcwpcr  fallofI’ wit]) ~7z (aIId IJCIICC  wit])  v) tlla]l tllosc W1lCIC A is large.

A s  tl~c angle A ;Ilcrcascs, I)o1)])IcI slliftjil)g  }WCOIIICS  m o r e  ilnportallt.  IJargc

vcrt, ical wavcllulnlms  at, 60 kln ]io lo]igcr  jlll])ly lalgc  771 just, al)ovc tllc  collvcctioll

sillc.c  0 IIOW v a r i e s  wil,ll  IIcigllt ( see  (9)). ‘J’liclcfom, 1 IIc alll])litlldc  of tl)csc  waves

is IIot af[cctcd  Ly I)lcakillg  u])oll emis s ion . ‘1’l]c all]]}litudc  of tl]csc  waves  is afrcctcd

b y  Lrcaki]lg  ]Icar critical laycm,  tllougl). ‘1’11( cfl’cct  i s  t]lat tlic waves  arc lnarg;llally

stah]c,  and tlllcir  tcIIIljcI at,urc variance  sl)cc.t211m  is just t lIr sa~ uratcd  SlJCCtlrUm. ‘J’l Ills,

tl)c scilltillatio])  silnu]ations  witl~ sul)stantial  A  ICSCIII1)IC  tlIc!  saturatd  sljcctrum  o f

brcakillg  gravity waves.
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As call Lc seen i]) figure ;lb, WX(V) steadily m a k e s  a transition  from a v e r y

st,cc])  SIO])C  (a] Jproxil  IlatAy  1/- 5 ) to a muc]l  s h a l l o w e r  slo])c (a])]  )roxin)akly  2/-3).  W c

e v a l u a t e  wlIcIl  tl]at hallsition  is complctc  l)y  dt:kmIlillil]g  WIICII  tl)c llo])p]cr  sl)ift)illg

k,ii  (wlIcIc {I i s  tlIc diflcrcllcc  iIl tllIC recall wind  bcLwccII  tlIc c.ollvcctioll  aIId 60 k m )

is colnl)aral.)lc  to t,l)c frcquc]lcy  w of’ tllc largyst waves . Siltcc  kz =- k; sill  A (rcc.all

that k;, u O) and si~tcc  tllc lalgcst w a v e s  IIavc /: v 1/1/, tlICII k, H (1/}1)  sill  A. ‘1’lIc

frcqumlcy u of tl]c  do]nillallt  waves  is a]jproxilllatdy  lJc/ll.  ‘1’]ius, tllc trallsiiiol~  to a

1) – 2  dcpc]ldc]icc for WX(V) occ.L]rs WIICH1 sill  A ~s Uc/iL WIICIC  ii is tlIc  diffcralcc  ill tllc

zona] wind  S1)CCCI bct,wcml  55 and 60k)l]  a l t i t u d e .  l~oJ  (Jc:- 1 III s–l  and  i{ = 30111 s-l,

this tral)sitiol)  occurs at A R2°, wllicll is C.IOSC to what is SCCII ill figure  3 .

As A is illcrcascd CVCJI  ]]]orc, t,llc sil]lulatcd  scilltillatiol)  spec t ra  r e t a in  tllc

salllc  dc]mldcl]cc  011 v bllt, tllc  ovcral]  amplit,udc  falls (see fig; llrc 3a). ‘1’llis  is because

tltc w’cstward (:]]clp;y-l)calillg  wtLvcs alc critic:~lly absorlml b e f o r e  t,l]cy  read) 60 Iun

altjitudc  and c.allllot,  colltd’ibutc  t o  the spcctrllm  a t  60 knl.  \Vavcs  alc  ahsorbccl  a t

tllcir c.ritica] l a y e r s ,  wllicll occur wlIclI c == 7/ sin A, WIICM:  c is tllc l)orizm~tal  ])llasc

Sj)(!cxl. Sillcc  ~i iltclcascs froln  O to 3011) s - ] from tllc collvcctioll  to 60 km altitude, all

tllosc  waves  w’itll  c ICSS  illall  30 sill  A III s-l a rc  absorld. ‘J’llis  cf[cc.t  call bc seen in

figure 3a.

l“or a  givc:]t lJC a)]d  givc~]  v ill i,hc llij~h frcqucllcy  ral]gc, t!llc Spcchml  first

illcrcascs  with  rcs})cct  tc) A and tllcn  dcclcasm. g’llc illcIcasc occLIrs  as tl]c power-]aw

I)CCC)IIICS shallower at sl)]all A. ‘1’IIc dccrcasc OCCUIS as II~c)Ic a]id IIIOIC  of tljc waves

arc cri t ical ly almrbcd  IKJOW 60 kIII, \\’ll  CIl A i s  lill’~(:1’  tllall sill– ] (uc/il).  ‘1’1111s, fo r

cvcIy  v a l u e  o f  {Jc and v , tlIcrc  mists  a  maximulo  ill tllc  dllll)litudc  o f  IVx(v)  w i t h

rcs]mc.t  to A .

In this scctiml  wc IIavc fouIId that,  CXCCIJL  for a sl)]all window  around  A N 0° ,

IIlost silnulatcd  scil}tillatioll  s~)ccira  ol~cy a v ‘ 3  ])c)wcr lalv. ‘1’llc V-3 S])cc.tl’um Snows
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tl)c  dccts  of tllc saturatcxl s]jcctru]n  of grav;  ty w a v e s , wllicll arises  hccausc  h i g h

vmtical  wavcllu]nbcr  waves break as tltcy pro] jagat,c vertically. Scw 1,11 for a furtlicr

disc.  ussioll  of tllc saturated  spectrum al]d the 11–3 dcpclldcllce.

3.2.2 IIe])endcnce  011 Uc

llcmaftlcr wc usc a real is t ic  c]lt]y allglc  (allglc  bdwcclt  tllc  s])acccraft motion

al]d tllc ailnos])l~cric  vcxtical)  f o r  tjllc C) C(Ultjilti  O1”l. As lc]narkcd earlier, wc IIave

lncasurcd tllc c]ltry allglc  for tl)c  occultat ion ill qucstio]l  to bc 35° before clltry into

tllc at,lnosJlllcm.  Whc])  defocusing is t,akclI into ac.coul~t  (qp == 1 O), tlIc  al)parmt clltry

allglc! l.)c!comcs 81.9°. ‘J’IIc f r equency  v is moslly  pro]) oriiolla]  to m. in figure  4, wc

S])OW Silllu]atcd  radio  Sc.illti]]atiol”l  pmw!r S])cctl  a for all a]) JM1’cllt  clltry  allg]C  of S1 go.

WC a]so s],ow t,]lC  ]og-a~~~]~]itll~~]~  ]Jo~J~[:] s]jCctjll]]j ])]’c:ViollS]j~  s]lOl$T1l ill fi~UIC!  2b. W C

rctaill  v~ =:: 7.7k111 s--l and q2 =- 10. l“irst  we ust UC=. 1 m s- 1 aIId JIc== 5 kin. Wc s n o w

tlic results for A == 5°, 100 al)d 20° because tllcsc b] add tlic  data. No sil)glc value

of A fits  tlIc  data at all v, I1OWCVCH.  ‘1’IIc lda~’ior of (IIc silnulatiol)s  for substantially

l)mlzcro  A dots JIOt c.])allgc  after i]~~})]c]~~c!l~t,atioll  of t]]c lca]istic value  fc)r t]lc  entry

allglc  sillc.c  tllc s])acccraft a])}mtm to I)c crc)ssillg  tlllc wave  ])l]asc frolits  v e r t i c a l l y  irl

botlI  cases.

I II f i g u r e  5 wc illcrcasc  (Jc to 31ns-  ] \Kllilc  rctlailliIl~,  fill t}lc  otl]cr J~aramctcrs

IISCC1 ill figure 4. ‘J’lIc result is tllatl  il]c  ovcrti 11 sha])c  c)f tllc  s imulated s]mctra  dots

Iloi cllallgc  but, t])c overal l  ampli tude dots . ‘l’llatl  tllc  ovcral]  aln])litude  increases

scmns  cmlt,rary  t o  o u r  rcasollillg  that  tllc silnulatcd  sc.iliiilldtioll  s])cciruln  rcflcc.ts

tlllc  saturated s])cctlu]  n of gravity waves. ‘J’llis  saturat(d  sl~cctruln  lJc)lds  illat ul~ol)

illtcpyat)ioll  of t)llc tclnl)craturc  variallcc sl)cc,tl  um over 1]01 izol)tla]  wavcl)ulnbcrs  k:,, k;,

tllc  rcsultlant s]mdrum ill m is ])rc)]~ortiollal  to ?72-3:
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wllcre 1’ is tllc dif[clc])cc  Mwccm  tllc  lalm ratt: of tlIc atIIIos])lIcIc  a]]d tlIc  ad iaba t i c

la]m rate. Sci]ltlillations,  tllIOUglI, dcct aII integral ovcl oIIly OIIC of tl]c  w.avcIIum}mrs.

‘1’l]at is,

‘J’llus,  silrlulatiol]s  am IIOt a rc]jroductio]}  of  tl)c saturakxl  sjmirum, but tl]cy  migl]t

g i v e  tllc sall)c  s])cciral  bcllavior  if tl]c  k~. == O tom]jollc]lt  of tlIc  s])cctruln  were ])rO-

]Jortiollal  to tlIc  illtcgral o f  tllc s])cctrllln  ovcl k~. ‘J’l]is  ])IC)])oltiC)l]ality  cvidclltly  is

dqmldmlt  011 tllc va]u(! of tJc wllicll  wc U S C. WIICII lJC is il]cmasd,  t})c k:. ==0 coln])o-

IIcllt of tl]c  Slxc.tru]n  tcllds to ~low’ wiill  rcsl)c{:t  to l,l]c ilitt:~ral  of tlIc  s])cc.tru]n  ove r

k~.. WC slxxulatc  that  tl]is  IIal)l)cl]s  bccausc  a {;rcatcr  frac.tioll of tllc waves call rcacll

60 k]]] altitude WIIC]I (Jc is illcrcascd.

‘1’l)c scintillation  silllulatiolls  for lJC == 0.2111 s- ] yicl(]  sigtlificalltly  dif[crmlt  rc-

su]t, s tlIaII for larger va]ucs  of IJC. ‘1’IIc  silnulatiol]s  arc SIJOWII  ill f igure  6. ‘J’llcsc  c u r v e s

arc IIcarly flat  ill cc~lnl~arisol]  wit]] tl]c ~)rcviolls  silnllldtiolls.  III t}lis  case,  t}lc w a v e

forcing is so weak that tllc waves ill tllc vertical wavcllul]ll~cr  ra]lfy  of illtcrcst  do IIot

break;  IICIICC tlIc  scinii]lation  spectra do l]ot SIIOW tllc effects of tllc saturated  sl)cc-

tlrIIIII of t)rcakill~  waves. Sillcc tllc flatllcss  of tllcsc sil))ulatcd  sl)cctra is not collsistcllt

wit]) tllc data, w c  Iil]ow that tllc forcill~  I1lust  bc ll]orc  il]tcllsc  t h a n (J, = 0.21n s-1

(figure 6). ‘1’l,is  flattcni,,g  cfIcct  is *,ot as obvious wl]c,, UC- 1 in S-l (figure 4), al,d it

is CVC]I lCSS c)bvious  wI]c]]  Uc = 3 m s-- ] (figure 5). Since tl]c si,],ulat,io]is  at lJC== 3111 s-’

show slla])cs  more silnilar  to tllc sllapc  of tlIc (lata, wc caIl ]Jlacc a ]owcr  lilnit  on lJC.

Wc su~~cst  a 10WC]  limit, of 2 II] s- 1.

W C also require that A I)c large cIIouglI  so tliat  tl]c  dc])cIIdcIIcc  of lVX(V) on v

is muglIly  ])ro]mrt)iolla] to v- 3 a t  lli~l]  fr(:qucllcics. III gc]lcra]  this occurs for A greater

tlla]] 5°. ALOVC this, wllilc  IIolding  UC fixccl, tllc slla])c of tl]c  scintillations  rclnai]ls

tllc sanlc,  but tllc ovcral]  am])litudc  dccmascs as A is illc.rcascd.  1’01 cxalnl)le,  W1]CII
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IJC = 3 ~ns-’, wc /;ct a rcamlablc  fit to tlic data for A x 30° (fi~urc  5). If wc illcmasc

t])c cxn~vcciivc  il~tcl]sity  U,, tl)cn  we wollld  also IIavc tO illcr(!as~:  A tO ~CL ZL ~casol~a~lc

fit. ‘1’l]is iln])lim  tl]at ~ivwl a lower limit on UC) we call also ]jlacc  a lowm  lil]]it  o]) A.

WC SIIggCSt-  t])at t])is ]owcr limit on A is approximak]  y 30(’.

3 . 2 . 3  F’rcs]]cl  fringes

‘J’l)c di])s  wllic.11 occur  ill tllc  silliulatcd  scilltillatiol]  s])cd)ra  am frill~cs  associ-

ated wit]] l<’rcsl)d CIi{flac.ticln  ])atte.rlls. ‘1’lIc first dil) occurs ]lcar  3 IIz ill fi~ums  4 allcl

5. ‘1’1)(! sccolld  occurs ]]car 4 IIz, etc. l]) weak scilitfil]atioll tllcory  for gyavity  waves ,

tlllc fril~~cs occur wlic])  t(llc Frcsncl  filter furlclion  si112  [. . .] i], equation (2) is ],carly

Zcl’O. IIcc.ausc  m2/q2  >> k:, k; for ~ravit,y  waves, tltc i“rin~es  am located at

1112(12

-’J =- I(T (l(k)
qz

W]ICIC  ?Z is a ])osit,ivc  illtlc~cr  a n d  ~[~ = li/2k.  W e  IIotc that  27rv N 77z~c and t h a t

;S == q2;a to snow that tl]c  scquc]lcc  of frcciuc]lcics  VT, at M’llicll  t)tcrc arc fril]~cs is

V,l =  2.813 IIz ~i. (l[if5)

\Vc l)avc used  a rcalisilic  v a l u e  for t])c c]]try  all~lc , 35°, al ld a s])ac.ccraft  velocity c)f

v~D7,7kms-1,

1]) II)ost, o f  tllc  ]jrcccdil~{;  scintillation  simulatiol)s, tllc  frill~cs  arc u]lrcsolvcd

at lli~ll  frcqucllc.ics. III fi~urc  7 wc show a simulatio]l  ill wllicll all of t,]]c fringes

bctwcm 0.5 a]Jd 50 IIz a r c  r e s o l v e d .  W e  l)avc usd tllc salne ])aralnctcrs  usd f o r

fi~urc  5, except A = 30(’. With t}lis silnulatlion,  it is casi(!r t o  scc tllc ~c]lcral  trend

of  tl)c  silllulatioll,  wllicll IIlat)cllcs  tllc  o v e r a l l  s}la]jc  of tlIc data lnorc c lear ly  tllaIl  tl]c

])rcvious  silnulatlic)l)s  did. W C  d o  I1O( cx])cct  that  tllc frill~cs  ill tliis  silnulatioll  al)d

di]w  wl]icl)  occ.llr  ill  tllc  d a t a  sl~ould  lillc u]), l a r g e l y  bccausc  tlIc di])s  ill tl]c d a t a  a r c

symptomatic .  of  a sill~;lc  realization of a rar~dom  process , IIOt of a dif[ractiorl  pattcr]l.
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3.2.4 Varying the background atmosphere

III this suhscctfioll wc cxami]lc how difrcl cmt assumccl  ]Ilcan  staks  of the atmo-

sl)llcrc  aflcc.t  tlIc si]nulatio]is. ‘J’IN2  actual  stal)ility  plofi]c  N2(2z) call k clrawn f r o m

tllc occultation  data itmlf. WA ~ivc a value for fV2 wl~icl) is mnlsistcmt  wit]] the profi]c

wc IIavc usd for Nz(.z).  Ncvcrtl  Jclcss,  wc vary tllc back~roul]d  stability stmdurc  so

that wc lnay k]low in the future  now sci]itillations  ?)rcduccd  l)y ~ravity  waves clcpcl]d

0]] tllc stability. Sil]cc tl]c  occu l t a t ion  occur]  cd at SUCII a lli~ll la t i tude,  tl)c  recall

stlatc  wind  ]Jrofilc  is ]~ot  kl]own. l“or tl]is rcasol]  alone, wc vdly  tllc back~rouncl  wind

]Jrofilc  so t,llat wc IIlay asscxs tllc validity of tJIc collclusiol]s  wc rcadled  earlier.

First, wc l)rescnt simulated lo~-amp]ituclc  spcdra  for a difI’clclA stability pro-

fi le  A’2(z).  \4Jc usc a llcw profile for tl~c }]rullt-VAisfil A flcqucllcy  ill wliicll wc l]avc

o]lly dccmascd  tllc ])cak value c)f iV2 by a faf tor of two. ‘J’llc  IICW ])rofilc i s  s h o w n

ill fi~urc  8. ‘1’llc s]o])cs  ill t]lc  zonal  wind  proii]c  llavc  I.jcc])  a(l~ustcd  s o  that Kclvill-

IIcllnlloltlz  illstal~ilitlics are avc)idcd  (tlic l{icllardson  Itulfllm  is  always ~rcatcr t h a n

1/4). ‘1’llc l]ct Cfr(;ct  of tl]is  adjustment is o]lly a 3111 s- ] westward shift to tllc winds

a b o v e  tl)c  col)vcdion.  WC IIavc aF;aill  sd lJC z 3 ms - 1 and  wc va~y A. ‘1’l)c result  is

f i g u r e  9.

‘J’lIc silnulatd  scilltillat)ioll  s]mctra ill figure 9 Lear a stmIg rcscmblaIIce to tl]c

l)rcvious]y  comj)utd  sl)cctlra. OIIcc a~;ail]  LII{: slol)c al.mvc 10 llz Inatcl)cs  tllc slc)})c

of tlIc  power sl)cctrum  of tllc data. Also, tl)c overall allll)litudc  falls  wit]] illcrcasi]lg

A  a]ld rcacl]cs  a ]naxinlu]n  for A N 5 ° . WIICI1  t,l]c stzitic staljility  i s  rcduccd, tlIc

aln])litudc  of tllc silnulatcd  sj)cctra  is also rcdllccd (c,~. fi~urc  5). ‘J’l]c rcduciiol]  takes

l)lacc  Lccausc wav(!s break at smaller aln])litu(lcs  wl)c]l  tllc }~ack~roul]d  at]nospllcre  is

Icss stable. ‘J’]tus,  tl)c  sj)cctrum  sat,uratcs at IOWC] anl~)litu(lcs  d L)c WIIC]I tlic stability

is weaker, but tl]c  aml)litudc  of UC mllst k il]crcascd, OI tlIc  aIIglc A dmcascd,  for a

good  IIlatlcll  l)ctwcclI  tllc aml)litudc  of tllc sil)lu]atcd  sc.il]tillatioljs  a]ld tllc data (figure
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21J). ‘J’l)is  aCljUStI1lC]Itf  w o u l d  o]]ly he slight  lxcausc tlltc  stal)ilitly

accuracy a p~iori.

s kl)owll  to g o o d

N e x t  wc ]JrcscIlt silnulatiolls  fo] all altcmd  backgyoulld  wind  ])rofilc i~(.z).  i n

tllc prcvious]y  assu]ncd profile,  the w~iIId diffmxl  by 55 In s-- ‘ bdwmm  t,l Ic col)vccting

l a y e r  and  tile zollal  wind  lnaxinlum  at 67 km a l t i t u d e . 137C 1 ducc tllc sllcar  a b o v e

t,llc  collvcctioll  by a factor of two so that the Ymlal w’illd  di fr{:ls by 28  m s-1 bdwccII

tlIc col]vcctil]g layer al]d 67 kin. Above tllc  zo]la] wi]ld II]axill]uln,  tllc sllcar  was also

duc.cd by  a factor d 2 so that  tllc w i n d s  woulcl still  ])aw tllrou~ll  mm at about

80kln a l t i t u d e .  ‘1’IIc ])rofilcx  of .Nz(z)  a])d i~(~) wc I]SC mc ]Jlottcd  i]) fipyrc  1 0 .  A s

before wc \]sc [Jc = :] 111 S-” l a]ld vary  A. ‘J’hc result is fi~urc  11.

1]1 fi~urc  11 wc snow simu]atiolls  of tlic  lo~-alll]~litudc  varialjcc s]mctra ill frc-

qucllcy. lh.mcasil)~y  tll]e zona] wind  sllcar  il]crcascs  t,llc mwall aln])litudc  but  d o t s

]lot clla]~~c  tllc slliIlw of tllc  simulakd  slmctlra. ‘1’l]c slla])c is ullcl]al]~cd  bccausc  tllc

s])cct,lulll  is sat, uratcd by wavcbrcakillg. ‘1’l]c alnp]itudt:  illcrcascs w1)c]l wind  s}lcax

dcc.rcascs  bccausc fewer waves am absorhccl  at critical layers Mow (iO km, and thus

tlic ovcra]l  am])litudc  of the simulations illcrcases.

‘1’lic unccrtail]ty  ill tl)c  zollal wind  profile  in ])olal l a t i t udes  afrCcts  tllc l o w e r

bound  wc l)lacc  o]] the all~lc A bdwccn tbe ~vil]ds and tl]c  radio beam, but clocs  not

a.fleet tllc lower boultd  wc ])lacc o]) t]ic  col]vcctive  il)tm]sity.  ,Sillc.c  tl]c  winds  arc lnc)st

likdy weaker  tllal) tllc wind ])lofilcs used  ill tllcsc siln~llatiol]s,  tllc waves  ])robably

saturat,c  for turljulc]]t  illt,cllsit,  ics (JC oIIly sli~lltly  ICSS  t,}iarl  3 In S – l . 011  t}lc Otl)cl’

lia]lcl, sillcc  tllc silnu]atiol]s  arc ~rcat,cr  ill overall am])litu(lc for tl]c  salnc values of A,

it is possible that  t]]c lower

d rcasollal.)]c  fit, to tllc  d a t a

clccmascd  ( c.~, fi{~urc 5).

imit placd  011 A may IJc too s]na]l.  l]) order to maintain

l a r g e r  va]ucs  fo] A arc lcqui]  d \vlIcII  tlIc wind  sllcar  is
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4 .  D i s c u s s i o n

4.1 Implications for Venus’s atmosphere

WC fiIId tlIat lJc must bc at least 2m S--l so tl]dt tll]c sl]apc  of tllc s imula ted

spectra nlatcllcs  tlllc sl]apc  of t}]c data. ‘1’llis  li]]lit o]] I]c lIas illlportallt  COIISCCIUCIICCS

for Vcl]us’s  atlIlos]Jl]crc.  liccall that  tl)c occ.ultatiolI  data froIIl ~vllidl  tllc sciI]tillatiolls

ill qucstioll  w e r e  cxtractcd  colncs  from 86.6°  310rtl  I latituclc. ‘1’lIc  lninilnum  value for

[Jc really rcpresc]its  a lower lilnit  o]) tlIc  strcvl~t]l of tl]c  cc)llvcctio]l  wl]icll ~c])cratcs  tllc

waves. ‘J’llc ilnplic.ation  is that  there is substantial dly c.onvcciivc  activity in Vclius’s

lniddlc  atlnosl)llcrc  CVCI) at ]mlar  latit,  udcs. ‘]’0 CIat,c, (I]lc]c ]las I)cc]l little cfrort  p]accd

ill ll]l(l(:rstlall(lil)~  ]m]ar  atllnospl]cric  dynamics  ill Vc]lus’s atI])osplIcrc. ‘J’llat  tl]crc is

mlou~l] IIcat,  lnadc available ill t)lle polar lowm atlnos])llmc of VcIlus so that II]iddlc

atmosj)]lcric  c.ollvcctiol]  rclnaills  substalltia]  is im]mtallt. ‘J’l]is  could im])ly  that tile

trallsl)ortj  of IIcat  in tllc lower atlnospl]crc  coulcl extend to cxtjrclnc]y  hi~}l ]atitudcs.

‘J’llis would  IIot Lc possil)]c  if tllcrc were an isolatccl  polar  vortex, as is the case for

tl]c  ltartll’s sout]lcr]]  wil]tcr. ‘1’I]us,  wc su~~csl that,  tllc]c is collsideral)]c  mcxidiol]al

mixill~  ill Vclkus)s lower  atllnospllcrc  clear up  to tllc IIortfll  I)ole.

‘1’]Ic 10WC!I  I)ou]ld 011 tl]c  col]vcct,ivc vc]ocity  Variallcc  ]ml])its  ])lacillg  a  l o w e r

lilnit  o]) tllc cIIcr~y  and lnomclltuln  f luxes car] icd by tl]c  ~ravitfy wav(!s cmittcxl  frolrl

tllc col]vectlioll. We usc lnodc]  of IJll to calcu]at  c tllc amollllt  of cl Icr~y and lnomclltum

car r ied  by gravity waves imlnc(liatc]y  after t l]cy bleak u])ol] CI nissioll,  givcl)  UC ==

2111 s-]. Wc fill~] t}l~~, ~,]lc ]owc],  I)ou,,(] o*1 ~]IC ~as{,it,al(]  II IOIII(:lIt,UlIl  flux i s  1 . 2 6  X

1 0-2 N m-2, tl]c  westward mOIIICIItIIm  flux is - 2.59 x 10-2 N 11 1
-2, a]ld tllc c]]cr~y  flux

is 0.252 W 111 ‘ 2 . ‘J’]]is  CII(Vgy flux is a s]na]l fl;tctiol]  of tllc scllsil~lc  heat  tral]sportcd

witllill  t)llc collvcctill~  layer

4 .2  Grav i ty  waves  o r  tu rbu lence?

IIotll  c l e a r  air t,urbu]c]icc  ((; A’J’) and gravity  wa~w call cx])laill  Iadio  scill-



tlillatiolls  ill occ.ultatfiol)  d a t a . III l,llc illtrodllctioll,  w c  re])catml  Sd]ul>crt’s  (1983)

colltclltioll  that (;Arl’  ]I1OC1UCCS  iscntro])ic  ])atcllcs  and  ca]ll)c)t ])roducc  dc]lsiiy  fiuctu-

atliolls,  wl]icll arc rcquilcd  for scintillations. ‘1’llisis I)otj a ]jml)lclnfor  gravity waves,

wllicll l]avc all associa.  tccl spcc.truln  of tlcn]]maturc,  alld  IICIICX: dcllsity,  f l u c t u a t i o n s .

Nollctllclcss, even if ii is ]~ossib]c for turbulc][cc  to p;mtcratc  dmlsity  variations  al)d

hcllccraclio  scintillations,  wcatyjylc  t}iat tlleirrcquircd  all-l] ~litfll(lcs  alcllI1lcasollat>ly

lar~c  based  011 cnlcr~y rcquirclncl)tso ‘J1lJUS, wc .sI)ow wl]y smnc of t}lc  cstilnatcs  o f

W o o  a]id lsllilnaru  (1981,  W ]  IIc:rcaftc])  ])rccludc  turl)ulcIIc.c  as dlI cx])la]latliol]  for

tllc  sci]]tlillatlio]  ]s.

WA calculated la(lios cil]tillatiollsil~  ~lllatiolls,l)llt  wit]] a Kollnogorov  law for

tl]cspcctruln  of tcln])c!liltjlllcf  lllctllati(}lls  ill tllc atmos])llmc. WA alltic.il)atcd  allol)-

lillcar ]Iol)isotro})ic procms tc) be rcspol]sib]c  for tllc dcllsity fluctuatio]ls  i]) tl)c  at-

lnospl)cre,  so tllcy used a lnodc]  wllicll mimif:ked  fully dcvc]o])cd  turbulcllcc  wl]crc

tllcrc was sijylificallt  cloll~ation  ill the llorizolltlal dircc.tion. 111 C!sscllcc,  tllcy Usccl the

followill~s]~cctl~]lll  for atlllc)s])llcric.t,cl)  )l>clat\]rcfl  llct~la{i()l]s:

137(k)  =--–------  –-~’~--- --lliti

( (D2 k:+ k;)-t I&-t 1,;2
)

(17)

wltcrc k is a t}lrcc dilnc]lsioltal  s])atial  wavcl]uml~cr,  CYI is tllc s tructure constant  of

l,lIc tmnpcraturc  fll.lct,uatiol]s, /3 is tllc  a spec t  ratio d tlic  tur})ulmlcc,  al]d l.= is tl]c

outer  vertical scale ofthc  turbulence. ‘J’llc  structure constant  is an observable. It is

fulldalncl]tal  to (l(:sclil~ill~  tllci[ltcllsit~~of  tilt:  spcctrulll  at, slnal]  s])at,ial  sca les .  WA

foul]d  ~oo(l  fits for l.= 2 lkm, CICY 0.15 K ]]l-”’ /3, a])d ~z 10 .

W I  sll~~(:st)  iJl)at(lissi])atlivc  atlllosl)llclict  llll>lllcllcf:isl  cs])c)llsil}lcfolt  lleclcll -

sit,y illllolllo~cll(:itics  in tllc atmosl)l)cre. ‘J’llc  ]~alalIlctclll]C)st  comlnolllyuscd  to dc-

scribctllcvi~or  of turbulcnccis  illcc]lerfjy  clissipatic)ll  rate e, wllicll is tllc lnccllallical



WIICIC  O is tlIc  potcIItia] k;npmaturc  a]]d b = 2.S is a ]Ic)]l[li]llc]]sic)]lal  col]stitllt  (hloni]l

and Ya~loln  1975). ‘J’llis cquatioll  was dcrivd  using  C(]UiltiOll  2 . 5 S  c)f IJulnlcy  and

l’aIIofsky (1 964), W}IO dcfi]tc tflIC ])otc]]lial  tcm])craturc  ~ladicl)tl  suc]l  that tllc poten-

tial  tcmpmaturc  al]d tllc  ki))ctic.  tmn]maturc  arc equal at tllc altitludc  ill q u e s t i o n .

‘1’]tus, O== j’ and dO/dz = 1’. W] instcml usd a potential tclll]maturc  fyadimlt  which

was defined SUCII tlJat O = 7’ at the surface, an(l thcrc])y ovcmtimatd 00/02  in (1 8).

‘1’1)11s, trl)c  c o r r e c t  e s t i m a t e  o f  tllc cIIcr~y  dissi])at,iol]  rat(:  rcquirecl  to ])roduc.c tllc

scil]tilla.tiol)s  is

owl ‘“
( )& ,: -;:- &w1 (19)

W I )  i s  tl)c  ])otcntia]  tc~n]maturc!  WIJCJJ O  == 7’ at il)c  sulfac.c,  and 7’ is tl)c  a c t u a l

tc]npcxaturc  at 60km. W] USC(1 tl]c  followinp,  ])aral[lctcrs  in tl]cir calculat ions:  1’=

260 K, N2 == 1.7 x 10-4 S - -2, al]d (f) O/i3Z)WT = 16 KkIn- ‘. ‘1’llc qual)tity  (80/8z)w i s

tllc lmtclltial  tcln]maturc  ]apsc  ra te  at (iokln  altlitlldc  assull]ill~  that O = 7’ a t  t h e

surf am. Usil]g  8.8011) S- 2  for ~ravit)y, wc fi]ld tl)at 1 ’  =  5 . 0  K  k m- ]  al]d OW  == 814

K. WI calculated q7 = 20 cm2 s-:+ , and  tlIus  lJIc a c t u a l  t:stimatc slIould  lIavc km

&==610cm2s -3 .

WI slIowcd  that tllc eddy clifrusio]l  cocfhcicnt,  givcll al)}) roximakly  Ly &W/N2,

was collsist,cllt  with all illdcj)clldcllt  cstinlatc  of tlic addy  diff’llsioli  codfic.icmt  by doud-

])artic]c distributio]l  stlldics. ‘1’llcir  cstilnatc  of tlic c]]cr~,y  dissi]mtioll  r a te  and t}ic

difl”usioll  coc{licicl]t),  lIowcwcr, wmc  too small by a f ac tor  of 30. ‘1’llc actual cstimatfc

of t)llc cmcrg<y dissipation) ralx, c == 610 c]112 s-:+ , is c.ollsistcllt  o]ily wit]] tllc lnost scvcrc

c.ollditliol)s  ill ilic l’;artlli’s  at,mospllcm. (;ranc (1980) usd sllcars  of du/d2  =- 1 0- 2  S - l

and found that typical energy dissipat)ioll ralcs wcm c)] II y c)f order 0.1 to 1.0 CIn2/ s– 3
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at IOkm altitude. ‘1’lic sllcar  at, GOkln ill Venus’s atlnos]jllcm  is about 2.6 x 10-2 S - l

and t}lc illtcllsity of tllc sc.illtillatiolls  is IIcarly  ~{lobal o]) \~cI]us. hfomover,  tl)c  c)]cr~y

ava i l ab le  for dissipation) is ~rcater ill tllc l~~artl)’s  atllnosl)llmc  tfllal)  i]] Vc]]us)s. 1’o1

d a y t i m e  col]ditiolls  in tllc l’~art, ]l)s atlllos])}]cr(:, 01) tllc Or(lc’1  of 400 w 1 1 1-2 call  k

tralls]mrtcd  vcrtical]y  a t  lnidlatit,uclcs.  At 60 klr) in VmIus’s atlrlos]jllclc,  tlIouglI, c)]lly

N 40  \V 111-2  is availal)]c  for vcrtica] tlalls])ort  (’1’omtisko  cf (/1. 1 9 8 0 ) .  ‘1’IIus,  if ~A’J’

i s  rcsl)o])siblc  for tllc l)iollccr  VcIlus ]adio scilltillatiol]s,  tl]c]l,  by allalo~y  to (3ArJ’

co])ditio]]s  i]) tllc l’;artll’s at]nos])llcre,  wc l]avc  S}  IOWII that i]l]])lid  C;A’J’ ])ro])crtics

arc unrcalistical]y  lar~c.

~ollvcctivcly  ~cncratcd  gjravity waves do l)ot, IIavc this difficulty. At some

a l t i t udes  tllcy caI] ])roducc  illdcx  of rcflac.tiol]  f luctuat ions without  dissi])atioll.  l“ur -

tl)mnorc,  at tllosc altitudes wl]crc  tl]c  wavm  bI cak, tllc waves tl)at rclnaill call cxp]aill

bot]l  tlllc  aln])litlldc  and slla])c of tllc ol)sclwcd s])cctru]n  of Iadio  scillt,i]]:itiolls.
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Figure 1. licsoIIaIIccs  iII tlIc wave rcslmIIsc. W( ShCW ~~(ti, k,., kv)  of CXIUatiO1l  (27) o f

1,11 (tlIc “coarse’) ( k Icy) of (15) (the “SII IOCA}I’ ) S})cctlum).spec t rum)  al)d A4.,,,0C,LI, w, ,3,

IIotlt  k altd  a arc ltdd  fixed at 10 “-3 m’-’ al]d (joo wllilc  c is varid. Wc usc UC = 3 m s- ]

al]d 11, = 5km.

Figure 20 S-balid  Scintillation l)ata.  l“igurc  a is a rc])lo[ll.lc:tioll  of tl)c  S-ba]lcl  radio

scillti]]atic)ll  data ]JrcscHItcd  by W A . ‘J’lIc log of t,}Jc ficl(l  strc]l~LII  is ])lottccl v e r s u s

cla]mcd  tilllc duril]?; tllc  occultat,iol].  ‘1’l]is

\~c]Jus’s atmosj)llcrc. i’i~urc b is tl]c  lXJWCI

l’igure  3 .  ,Silnulatcd  scilltillat,ic}ll  s]wctra. G r a v i t y  wal’es alc assured rcxJmllsiLlc

for tllc illdcx  of rcfractiol] fluctlllatliolls. ‘J’hc (Irdillatc  is t,llc ])owcr s]mctrum  of ]o~-

aln])lit,udc  flllctuatiolls. ‘J’}Ic  gravity wave S]w(:trum IIas 1)( = 1 m S-l and I]C = 5 k]~l.

‘1’l)c clli,ry all~lc  is sd to OO. l’or (a), tlic al]~lc A is sd to Oc’ (bold  curve), 2°, a])d 20°

ill suc.c.cssio]).  l’or (b), illc all~lc A varies fronl  O.OO to 0.3° ill stc])s of 0.05°. In (a) w c

illcludc a dottmd lillc wit]) a SIO]W of -5.

Figure 4. Simulatd scintillation slmctra. ‘1’lIc actual c]ltry afl~lc is 35°; tlic a])parcllt

cl]try al)~lc is 81.9”. ‘1’1][:  gyavity  wave  Sljcc.t,rum IIas L),:= 1 IIIs- ] aIId IIc = 5 km. ‘1’llc

all~lc A is set to 10°, 20°, and  40°. ‘1’l)c dcen]])llasizd  culvc  is t]lc  data.

Figure 5 0 Silnulatd  scilltlillatiol]  s]mtra. ‘J1]I(: same as fi~~llc 4 but with {JC==3  In S-].

‘J’IIc al)~lc A is set to 5°, 10°, 20°, and 40°i
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F’igurc  6. Si]]lulatcd scilllillatioli  s]wdra. ‘1’llc actual c]lt,ry aI)~lc is 35°; tlIc a]jparcllt

cl)try aIIglc  i s  8 1 . 9 ° . ‘J’lIc g r a v i t y  wave  s])cc,tru  III has (JC = ().2 III  s - 1 and IIC =- s kIII.

‘]’]Ic aII#(: A iS S(!t to ()(’, ]0 , ~“, a]]d ho.

I’igure 7. Sill) u]atcd  scilltillatiol]  s])cctruTn wit}) rcsolvd  frill~cx. II) t h i s  si]nulatcc]

lo~-aln])lit,udc  varial]cc s])cctruln ill frcquc]lcy,  w c  sa]])})lc  ill v lnorc  fi])cly a t  lli~l]

frcqucl]c.ics  so  tha t  all of t,l)c frill~cs  a]c ]csc)lvcd. W c  ]Iavc set tl]c  c]ltlry  all~le  t o

81.9°,  {Jc to 3]1] S--], I]C to 5 km, and LI)C an#c I)ct,wcc]l  tlIc  radio  bcaln  IJatll  aIld t]lc

winds  A to 30°. ‘J’l]c dccll)])llasizcd  curve is t,l)t clata.

Figure 8. h40dificd  back~mul)d  stability. ‘J’his  is a lnodificd  ~crsioll  of tllc  bac.k~roul)c]

atlnospllcl”c  usd ill 1,11. ‘J’llc  ])cak lV2 has  l)ccIl dccrcascd  by a factor of 2. ‘J’l]c zollal

wind  l]as l)cc]~  modificcl  so that t,l]c liic}lardsoll  liu]nl)cr  IIOWIICIT  mccds 1 / 4 .

F’igure  9. Mmlificd  stal)ility  silnulatcd  scilltillatio]l  s])cct]”a. ‘J’llcsc silnulatlio]ls  uti]izc

tllc rcdud  s ta t i c .  siabi]itly  ])lofilc sllo~t’11  in fip,urc 8. ‘1’I)c actual  clltry  all~lc  is 35°;

tl]c  apl)arcllt  c]it]y al)~lc is 81.9°. “J’l)c gravity  wave  s]jcct,]  IIIn l]as (JC = 3 III s-] and

I]C =:- 5k111. ‘J’IIc all~lc A is set t,o 1 0 0, 20°, all(l  40°. ‘J’l]c decln])llasizcd  curve is tllc

data.

Figure 10. Modified zmlal  winds.  WC ])lot tllc  square of tl)(:  llrullt-Valsala  frc:qucllcy
., . ,, . .

al]d t})c zcn]al  wil)d vmsus  altitude wc usc with wl)icll  w’c tcstl tlIc  effect of c.l]al]ging

t(llc willcl  ])rofi]c  OII tllc scil]tillaiiol]  silllulatiol]s.  Colnl)arcd to l)rcvious  ~)rofilcs  of tlIc

winds, tlIc  sl)car  above tJIc col]vcctil)g  layer ill this mode] IIas 1.KXHI rcduccd  by a factor

of 2. ‘1’llc ba.ck~loulld  stal)ilit,y  rc~naills  tllc salllc  as ill l)rcviolls  silnulatio]ls.

—
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Figure  ]  1. h40difid  wind  si]nulatccl  scilltillatio]l  sj}cctra. WC ]Jlot silnulatd  lo~-

.31i)])litfudc varial)c.c sill)lllatliol)s ill wllicll tllc C]itly al Iglc i s  se t  to 8 1 . 9 ° .  ‘1’llc gravity

w a v e  slxxtruln lIas UC == 3 In s–] al]d 11, = 5 k]I1.  ‘1’I)c all~lc A is sd to 10°, 20° ,  and

4 0 ° .  Wc lIavc used tllc l)ack~roul)d  ]Jrofilcs  of stal)ility  and  zo]lal willd  illusiratcd  in

figure 10. ‘1’lic dcmnpllasizcxl  curve is tile data.
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Figure 5
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Figure 6
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Figure 9
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Figure 1 0
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